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ABSTRACT 
G a t e d ,  wideband, magnet ic  d i r e c t i o n  f i n d e r s  (DFa) were o r i g i n a l l y  dea igned  t o  
measure t h e  bearing o f  cloud-to-ground l i g h t n i n g  r e l a t ive  t o  t h e  seneor .  A 
recent a d d i t i o n  t o  t h i e  d e v i c e  u s e e  p r o p r i e t a r y  waveform d i s c r i m i n a t i o n  l o g i c  
t o  select r e t u r n  s t r o k e  s i g n a t u r e s  and c e r t a i n  r a n g e  dependent  f e a t u r e e  i n  t h e  
waveform t o  p r o v i d e  an eetimate of range of f l a a h e s  w i t h i n  50 kilometers. I n  
t h i e  paper, w e  w i l l  d i e c u e e  t h e  enhanced r a n g i n g  t e c h n i q u e s  d e s i g n e d  and 
developed by Lightn ing  Locat ion  and P r o t e c t i o n ,  Inc ,  f o r  u s e  i n  its s i n g l e -  
e t a t i o n  thunders torm warning s e n s o r .  Inc luded  i n  t h e  paper w i l l  b e  t h e  r e s u l t s  
of on-going e v a l u a t i o n s  b e i n g  conducted under  a v a r i e t y  o f  meteorological and 
geographic  c o n d i t i o n s .  
INTRODUCTION 
The LLP thunders torm seneor  (TSS) is a s i n g l e - s t a t i o n  thunders torm warning 
system t h a t  p r o v i d e s  real-time informat ion  about  t h e  o c c u r r e n c e  of  c loud-to-  
ground l i g h t n i n g  i n  and around a n  area of concern .  T h i e  i n f o r m a t i o n  i e  used i n  
a v a r i e t y  o f  ways t o  improve s a f e t y  and effect  cost eavinge.  T y p i c a l l y ,  t h e  TSS 
warninge a r e  used t o  clear personnel  f r o m  exposed areas, t o  s h u t  down hazardous 
o p e r a t i o n s ,  and t o  s w i t c h  s e n s i t i v e  equipment o v e r  t o  backup power. The TSS 
i n d i c a t e e  t h e  approach and t h e  d i r e c t i o n  of approach of a t h u n d e r s t o r m  t o  t h e  
a r e a  o f  concern  as w e l l  ae warning of t h e  o c c u r r e n c e  of  cloud-to-ground 
l i g h t n i n g  w i t h i n  t h e  area of concern. When t h e  etorm h a s  paesed and no cloud-  
to-ground l i g h t n i n g  hae been detected w i t h i n  t h e  area of concern  f o r  a c e r t a i n  
t i m e  period ( u s u a l l y  15 m i n u t e s ) ,  t h e  warning is  l i f t e d ,  i n d i c a t i n g  it is e a f e  
t o  resume normal operatione. Some t y p i c a l  a p p l i c a t i o n s  are e n t e r t a i n m e n t  parks, 
a i r p o r t  o p e r a t i o n s ,  c o n e t r u c t i o n  p r o j e c t s ,  and e e n s i t i v e  manufac tur ing  p l a n t s .  
The TSS is  a major improvement over  any thunders torm warning d e v i c e  p r e v i o u s l y  
a v a i l a b l e  becauee it incorporates the  same p a t e n t e d  technology t h a t  ia used i n  
t h e  LLP l i g h t n i n g  l o c a t i n g  networks (1-41.  The e e n s o r  d e t e c t s  t h e  p r e e e n c e  of  
t h u n d e r s t o m e  by d e t e c t i n g  cloud-to-ground l i g h t n i n g  on a f laeh-by-f laeh  basis. 
For e a c h  s t r o k e  i n  t h e  f l a s h  t h e  eeneor d e t e r m i n e s  t h e  t i m e ,  t h e  d i r e c t i o n ,  t h e  
e i g n a l  e t r e n g t h ,  t h e  p o l a r i t y ,  and t h e  change i n  t h e  e lectroetat ic  f i e l d  
a s s o c i a t e d  w i t h  t h e  s t r o k e .  The d e t e c t e d  waveforms must p a s e  eome f a i r l y  
restrictive waveform c r i t e r i a  t e s t e  t o  be c o n s i d e r e d  v a l i d  r e t u r n  s t r o k e s .  
These tests e l i m i n a t e  background i n t e r f e r e n c e  and c l o u d  l i g h t n i n g  (c loud- to-  
c l o u d ,  i n t r a - c l o u d  e tc . ) .  
The l o c a t i o n  of  t h e  thunders torms  is inferred from f l a s h  data t h a t  have t h e  
f o l l o w i n g  performance properties: 
e The f l a e h  i d e n t i f i c a t i o n  is v e r y  good. For a p r o p e r l y  ei ted e e n s o r  
t h e  f a l s e  ra te  due t o  background n o i e e  i s  e e e e n t i a l l y  z e r o .  The o n l y  
f a l s e  f l a s h e s  are due t o  c l o u d  l i g h t n i n g  t h a t  is m i a i d e n t i f i e d  as 
cloud-to-ground. Fewer than 1% of t h e  waveforms accepted by t h e  
sensor are d u e  t o  non-cloud-to-ground l i g h t n i n g .  These do no t  came 
a problem because  t h e y  only o c c u r  d u r i n g  a thunders torm,  and t h e y  
are much a small f r a c t i o n  of t h e  e v e n t s  t h a t  t h e y  do n o t  a p p r e c i a b l y  
i n f l u e n c e  t h e  thunderstorm a l g o r i t h m .  
The f l a s h  d i r e c t i o n  i e  very a c c u r a t e  (+/- 1 degree). 
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The flash time measured relative to the TSS clock ie preciee (+/- 1 
Tho sensor is a long-range instrument. Storms can be sensed as far 
millisecond). 
away as 100 run. 
Given the difficulty of determining range with a single-etation seneor, one 
might recomnend using location information from a lightning locating system to 
calculate the range. This would certainly be a viable alternative, but a 
eingle-station eenoor offers a number of important advantages: 
cost A locating system requires at least two seneore and a 
central analyzer to calculate the location. In 8ddi- 
tion, remote mites must be located and communication 
between the eensore and the central analyzer met up. 
Installation Since a single-station senmor is located at the 
facility of concern , siting and communication imsuee 
can usually be performed by local personnel. 
Accuracy 
Control 
Performance 
Since a eingle-station meneor ie located at the area 
of concern, ite eyetematic errore are relative to the 
area of concern, and are guaranteed to have a 
relatively minor effect. 
Since the entire warning system is under direct 
control of those most concerned with ite proper 
operation, maintenance and operational priorities can 
be tailored to meet the needs of the facility. 
Since the warning eyetem ie tuned for optimal 
performance in the immediate vicinity of the ~eneor, 
a single-etation sensor ie frequently able to offer 
higher ehort-range detection efficiency and 
directional accuracy than a wide-area locating 
network. 
Studies of the spatial distributions of cloud-to-ground otrike points hae 
shown, that for small cells the mean distance between eucceseive flashes ie 
from 3.2 to 4.2 km (Krider [ 5 ] ) .  This means that, if any lightning ie detected 
within thie diotance, it ie time to ieeue a thunderstorm warning. 
Since the function of the TSS ie to detect the preeence of thunderetorme, as 
oppoeed to locating individual f laehee, the eeneor claesif iee each f lash ae one 
of 4 rangee: 0-3, 3-10, 10-30, and beyond 30 nautical milee. The number of 
flashes in each claeeification during the laet 15 minutes are ueed to determine 
the preeence and position of thunderetorme. The range claeeification ie not 
precise in that a flash near the edge of one claeeification has a finite 
probability of being assigned to the adjacent claeeification. The effectiveneee 
of the range claeeification ie completely characterized by the probability, ae 
a function of range, of a flash being aeeigned to each of the four range 
clameificatione. 
In thie paper, we present the results of an experiment that wae made to 
determine these four probability dietributione. We also present the reeulte of 
a number of experiments that teat how well the TSS agrees with human obeervere 
and with radar. 
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The senso r  has 3 r e c e i v e r  channels ,  each w i t h  a bandwidth of 1 !cHz to 350 Ut, 
t h a t  detect t h e  north-south and eaat-west components of t h e  h o r i z o n t a l  magnetic 
f i e l d  and t h e  v e r t i c a l  component of t h e  electric f ie ld .  F igure  1 shows t y p i c a l  
waveforms f o r  cloud-to-ground 
r e t u r n  mtrokes a t  2,  5, 10, and 
50 ki lometera .  The i n i t i a l  sha rp  
rise to  a peak is t h e  r a d i a t i o n  
f i e l d  due t o  rapid turn-on of t h e  
r e t u r n  mtroke c u r r e n t  when a 
leader ham approached close 
enough t o  ground t o  i n i t i a t e  a 
dimcharge. Th i s  r a d i a t i o n  f i e l d  
r e t u r n s  t o  zero over  a per iod  of 
50 peec am t h e  c u r r e n t  s l o w l y  
t u r n s  o f f  as charge i n  t h e  cloud 
is n e u t r a l i z e d .  Thim can be eeen 
i n  t h e  50 kilometer waveforme of 
Fig. 1 which are e s e e n t i a l l y  pure 
r a d i a t i o n  f i e l d a .  Note t h a t  t h e  
magnetic and electric waveforme 
a t  5 0  k i lome te r s  are q u i t e  
s i m i l a r  t o  each o t h e r  am t h e y  
should be for the r a d i a t i o n  
f i e lds .  The electric and magnetic 
waveforms f o r  2 ,  5, and 10 k i lo -  
meter8 d i f f e r  from each o the r  
cons ide rab ly  a f t e r  t h e  i n i t i a l  
r a d i a t i o n  peak. The e l e c t r i c  
f i e l d  waveform ham a ramp d u e  t o  
t h e  change i n  t h e  v e r t i c a l  com- 
ponent of t h e  e l e c t r o e t a t i c  
f i e l d .  T h i s  i m  p r i m a r i l y  a dipole 
e f f e c t  d u e t o t r a n m p o r t i n g  charge 
between t h e  cloud and ground, and 
it s h o u l d  be i n v e r e e l y  
p r o p o r t i o n a l  t o  t h e  range cubed. 
Likewise,  t h e  magnetic waveforms 
have a hump due t o  induct ion 
field., and are inve r se ly  
, p r o p o r t i o n a l  t o  t h e  range 
mquared. I n  each case t h e  
waveform for t h e  f i r e t  s t r o k e  
( s o l i d  l i n e )  is a i g n i f i c a n t l y  
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'igura 1 Typical  electric and magnetic 
l a r g e r  t han  t h a t  of t h e  second Waveform8 f o r  cloud-to-ground r e t u r n  s t rokea  
stroke (damhed l i n e ) .  T h e  a t  rangee of 2,  5,  10, and 50 km (adapted 
t h e o r e t i c a l  basis for these fr0m Lin et a&. ( 7 1 ) .  The solid l i n e s  are 
a s s e t t i o n e  io contained i n  Uman t h e  f i r s t  s t roke ,  t h e  dashed curves  are 
161 eubsequent otrokee.  
The senaor  mamples a l l  3 channels  simultaneously a t  t h e  r a d i a t i o n  f i e l d  peak 
and t h e n  romamplem t h e  e l e c t r i c  f i e l d  channel a t  170 psec  a f t e r  t h e  peak. The 
electric f io ld  i o  mampled a t  170 psec  t o  be c o n s i s t e n t  w i th  Lin  et al .  ( 7 ) .  
Thio t i m e  i m  f a i r l y  a r b i t r a r y .  I t  could be any t i m e  t h a t  g ive8  a meamure of t h e  
ramp. The magnetic f i e l d  components are used t o  c a l c u l a t e  t h e  d i r e c t i o n  t o  t h e  
stroke and t h e  magnitude of t h e  radiated f i e l d  peak ( t h e  s i g n a l  s t r e n g t h ) .  The 
magnet ic  f i e l d  components are used t o  c a l c u l a t e  t h e  s i g n a l  s t r e n g t h  because t h e  
g a i n  of t h e  magnetic f i e l d  antennae is nea r ly  independent o f  s i t i n g ,  whereae 
t he  electric f i e l d  antenna ga in  depend6 s t r o n g l y  on s i t i n g .  The s i g n a l  s t r e n g t h  
io approximately p ropor t iona l  to t he  peak c u r r e n t  i n  t h e  r e t u r n  s t r o k e  and 
i n v e r s e l y  p ropor t iona l  t h e  range as shown in Eq. 1. 
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CURRENT 
RANGE 
SIGNAL = CONSTANT x 
The inverse r a n g e  dependence arises due  t o  c o n s e r v a t i o n  of energy ,  as t h e  
radiated energy is spread o u t  over a s p h e r i c a l  s h e l l  w i t h  a r a d i u s  equal t o  t h e  
range .  The " c o n s t a n t "  is e m p i r i c a l l y  determined f o r  t h e  sensor from t h e  s i g n a l  
s t r e n g t h s  of f l a s h e s  a t  known rangee.  I n  order t o  do t h i e ,  it is assumed t h a t  
t h e  median of t h e  range-normalized s i g n a l  s t r e n g t h  d i e t r i b u t i o n  c o r r e s p o n d s  t o  
t h e  median of measured c u r r e n t  d i s t r i b u t i o n s .  
If t h e  r e t u r n  s t r o k e  c u r r e n t  w e r e  known f o r  each  f l a e h ,  t h e n  Eq. 1 c o u l d  be 
used  t o  c a l c u l a t e  t h e  f l a s h  range.  S i n c e  t h e  c u r r e n t  is n o t  known for  a s i n g l e -  
s t a t i o n  s e n s o r ,  t h e  r a n g e  can be e s t i m a t e d  by assuming t h a t  t h e  c u r r e n t  is 
equal t o  t h e  median c u r r e n t .  Due t o  t h e  large v a r i a t i o n  i n  t h e  r e t u r n  s t r o k e  
current.,  t h i e  is n o t  a v e r y  good e s t i m a t e  of  t h e  range.  However, it is u e e f u l  
f o r  d i o t i n g u i a h i n g  close l i g h t n i n g  from d i s t a n t  l i g h t n i n g ,  where t h e  r a n g e  
v a r i a t i o n  i r  l a r g e  enough t h a t  it dominates  t h e  u n c e r t a i n t y  i n  t h e  c u r r e n t .  
The pr imary q u a n t i t y  used  by t h e  LLP s e n s o r  t o  de termine  t h e  r a n g e  i e  t h e  r a t io  
o f  t h e  e l e c t r i c  f i e l d  sampled a t  170 p s e c  t o  r a d i a t i o n  peak i n  t h e  e lectr ic  
f i e l d ,  which i e  r e f e r r e d  t o  as t h e  r e l a t i v e  e l ec t r i c  f i e l d  change (REFC): 
ELECRIC FIELD AT 170 pSEC 
= ELECTRIC FIELD RADIATION PEAK 
The v a l u e  of t h e  REFC depends mainly on t h e  range. T h i s  is b e c a u s e  both 
q u a n t i t i e s  i n  t h e  r a t io  are roughly  p r o p o r t i o n a l  t o  t h e  t o t a l  c h a r g e  t r a n s -  
f e r r e d  by t h e  r e t u r n  s t r o k e ,  which a l l o w s  t h e  charge  dependence t o  c a n c e l  o u t .  
The electric f i e l d  a t  170 psec  is a measure o f  t h e  electrostatic f i e l d  change, 
which, i n  a s imple  dipole model, i s  proportional t o  t h e  t o t a l  c h a r g e  
t r a n s f e r r e d  t i m e s  t h e  h e i g h t  o f  t h e  c h a r g e  c e n t e r .  The v a l u e  o f  t h e  electric 
f i e l d  r a d i a t i o n  peak i o  p r o p o r t i o n a l  t o  t h e  peak c u r r e n t ,  and g i v e n  t h a t  a l l  
r e t u r n  s t r o k e  waveforme have approximate ly  t h e  same ehape,  and t h a t  t h e  t o t a l  
charge is  t h e  i n t e g r a l  o f  t h e  c u r r e n t ,  t h e  t o t a l  c h a r g e  i e  approximate ly  
p r o p o r t i o n a l  t o  t h e  peak c u r r e n t .  The dependence on t o t a l  c h a r g e  f o r  b o t h  
q u a n t i t i e s  i s  eomewhat rough becauee of  t h e  large v a r i a t i o n 8  i n  t h e  s p a t i a l  
d i s t r i b u t i o n 8  of t h e  chargee  involved.  
F ig .  2 shows t h e  combined d a t a  of Lin  et  a l .  [ 7 ]  and T i l l e r  et  a1.[8].  These 
data show a l a r g e  ecatter of t h e  v a l u e  of t h e  REFC a t  a p a r t i c u l a r  range ,  b u t  
there is a c l e a r  c o r r e l a t i o n  w i t h  range.  Fig. 2 almo shows t h a t  t h e  REFC for  
f irst  strokes tend8 t o  be larger t h a n  t h a t  f o r  subsequent  e t r o k e e .  Presumably 
t h i e  is  an  effect  of t h e  side channel8  o f  t h e  first stroke. 
The range-dependence of t h e  REFC is approximately t h e  reciprocal of t h e  range  
squared. T h i s  is becauee t h e  r a d i a t e d  f i e l d  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
range ,  and a dipole f i e l d ,  which dominate8 t h e  f i e l d  a t  170 p s e c ,  is i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  r a n g e  cubed. T h i s  e t r o n g  range-dependence meane t h e  REFC 
is u s e f u l  on ly  for  ranges  of  20  km or lees. 
An i m p o r t a n t  f ac t  t o  n o t e  is t h a t  s i n c e  b o t h  q u a n t i t i e s  i n  t h e  REFC r a t i o  are 
meaeured on t h e  e lectr ic  f i e l d  channel ,  t h e  an tenna  g a i n  c a n c e l s  o u t ,  r e e u l t i n g  
i n  REFC being i n s e n s i t i v e  t o  s e n s o r  s i t i n g .  
As mentioned above, t h e  TSS assigns each f l a s h  t o  o n e  of  f o u r  ranges :  0-3, 
3-10, 10-30, and beyond 30 nm. For f l a s h e s  w i t h i n  3 and 10 nm, range is 
determined on t h e  b a s i s  of t h e  REFC and s i g n a l  e t r e n g t h  o f  t h e  f i r o t  e t r o k e .  
The remaining f l a s h e s  are a s s i g n e d  t o  10-30 or beyond 30 on t h e  basis of  s i g n a l  
s t r e n g t h  alone.  I f  t h e  s i g n a l  s t r e n g t h  of a g i v e n  f l a s h  e x c e e d s  t h e  dynamic 
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range of the instrument (over-range), 
it will be automatically considered 
to be within 3 nm. The threshold8 
for the REFC at 3 nm criteria have 
been selected so that any flash with 
an REFC greater than the threshold 
has a probability of 0.9 of being 
within 3 nm. 
The TSS maintains a running total of 
the number of flaehee in each range 
region €or a given interval, which is 
typically the last 15 minutee. The 3- 
10, 10-30, and beyond-30 regions are 
divided into octante. A red warning 
is ieeued whenever one or more 
flashes have occurred in the 0-3 
region, or whenever 6 or more of the 
3-10 octante have 1 or more flashes. 
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Figure 2 REFC for close first and 
subsequent return strokes (combined 
data from Tiller et al. [8] and Lin et 
al. [7]). 
EVALUATION OF TEE RANGE ALGORITRM 
Over the course of the last several years, LLP has invested considerable effort 
in the characterization, design, and execution of formal tests to evaluate the 
effectivenese of single-station thunderstorm sensors. Initially, LLP 
experimented with location techniques that were based exclusively on averaging 
the measured eignal strengths of groups of flashes. In this early testing, 
human obeervere and radar records were the primary points of comparison. 
Although this ranging technique showed some promise, it was determined that the 
overall performance had to be improved if single-station technology was to 
provide an effective warning system. 
With the addition of the REFC enhancement to the ranging algorithm in 1986, a 
substantial improvement wae made in single-station ranging. However, it was 
realized that in order to properly measure thie improvement, a standardized 
method must be established to characterize the operation of a single-station 
warning device. The first step in this process was a careful analysis of the 
factors affecting both the reporting instrument and the measuring 
instrumentation, a0 described in Neumann, et al. (1988) [9]. From this work, 
an initial test wae undertaken during the summer and fall of 1988 in Tucson, 
using local facilities including a locating network and National Weather 
Service (NWS) observer reports. This initial work, which included ranging 
information based on REFC techniques, was reported in Neumann, et al. (1989) 
[lo]. In addition to the observations related directly to the performance of 
the sensor, this experiment also provided an important opportunity to analyze 
the methodology and deeign of the test itself, and served as an important 
milestone for subsequent work. 
In conjunction with the experiment to formally characterize REFC, described 
later in thie paper, a carefully formulated test of the performance of the 
Thunderstorm Sensor (TSS) was undertaken in Tucson. In this test, the two TSS 
instruments were co-located inside a region of highly accurate performance o f  
the LLP Tucson Reeearch Network. In addition, data were collected from on-site 
human observere, NWs records from a manned weather station in the area, and NWS 
weather radar. The purpose of this test was not to characterize the sensor's 
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performance on individual flashes, but rather on properly monitoring the 
development, movement, and dissipation of thunderetorms in the vicinity. 
The results of this experiment clearly indicated the benefit of an automated 
thunderstorm warning system. Not only did the sensor agree with the human 
observers in this test, the TSS was able to provide the warning earlier, since 
its measurements were not limited by line-of-sight 01: other local distractions. 
In addition, the TSS also provided a significant enhancement to the 
interpretation of NWS radar images by differentiating areas of highly 
convective activity from that of rain Shafts from precipitation. The TSS also 
showed good agreement with the LLP locating network. Although, as one might 
expect, precise locations could not be obtained from the TSS, the approximate 
dietance and direction reported by the TSS were consistently in agreement with 
the locations provided by the network. Moreover, the lack of erroneous reports 
from the TSS also indicates the important benefit of waveform discrimination 
for identifying lightning events. Incorrectly reporting the preeence of 
lightning has been a chronic problem of many single-station warning devices, 
and no such events were identified in this field experiment. 
In addition to this carefully instrumented and monitored test, there have also 
been other field experiments and operational commercial installations that have 
reported similar findings. In two instances, Thunderstorm Sensors have been 
placed near NWS field offices on the east and southeast United States 
coastlines for data collection. When NWS observers have had access to the data 
reported by the TSS, they have reported being able to detect thunderstorms at 
an earlier point in their development, and to better differentiate thunderstorm 
activity from heavy precipitation. In addition, commercial installations of 
the TSS at heavily used airfields in the upper mid-west, mid-south, and desert 
southwest have also returned anecdotal information of earlier and more accurate 
warning of thunderstorm activity based on using the TSS independently or in 
conjunction with other weather sources, such as radar, which ha6 directly 
improved their operational efficiency. 
To further quantify performance, in the summer of 1990 LLP performed a explicit 
test of the ranging algorithm. In this test, the Tucson LLP research lightning 
locating network was used to determine the flaeh range. The LLP network 
consists of 3 low-gain DF's with baseline distances of 36.1, 3 1 . 5 ,  and 51.7 km, 
as shown in Fig. 3 (along with some sample flash data). The test took advantage 
of the fact that, since the DF's have 
comparable hardware to the TSS, the DF's 
can also measure the quantities necessary 
to calculate the REFC. During the test the 
DF's ran a special version of firmware 
that transmitted the electric field radia- 
tion peak and the electric field at 170 
psec along with the data normally send 
the central mite. This data was recorded 
along with the flash location. The data 
was reprocessed off-line to calculate the 
REFC as a function of range. The network 
was run in this mode during the summer of 
1990. The data presented below are all the 
negative flashes from 4 days at the peak 
of the moneoon (August 3, 11, 12, and 16) 
where a "good" location was calculated. A 
'egood" location required that the range 
from one DF was lese than 40 run, that the 
time reported by the DF's be within 5 
millieeconds, that the semi-major axis of 
one etandard deviation error ellipse be 
?igure 3 LLP Research Network, 
1990 
leea than 0.5 MI, and, if all 3 OF'S reported so that an optimized location 
could be calculated, that the x' per degree of freedom be lese than 5. A 
standard error of 1 degree was used in calculating the x2.  
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A to ta l  of 10,591 f l a s h e s  w e r e  de tec ted  
by t h e  network i n  t h e  4-day eample. 
Most of t h e s e  w e r e  too d i s t a n t  from the  
DF's t o  meet t h e  requirements  of a 
"good" fiaeh. The f i n a l  d a t a  ample 
conefeted of 895 f l a s h e s  wi th  2339 DF 
reports wi th  a range lees t h a n  40 run. 
The range d i s t r i b u t i o n  of t h e  f i n a l  
d a t a  eample is shown i n  Fig.  4 .  I f  the  
f l aohes  w e r e  d i s t r i b u t e d  uniformly over 
t h e  area of t h e  network, t h i e  
d i e t r i b u t i o n  would increase l i n e a r l y  
wi th  range e t a r t i n g  a t  zero. The f i rs t  
t h r e e  b ine  have been depopulated d u e  t o  
over-rangee, and due t o  being rejected 
by a waveform criterion t h a t  requi res  
t h a t  any subeequent peak i n  magnetic 
f i e l d  be emaller  t han  t h e  i n i t i a l  
r a d i a t i o n  peak. This  c r i t e r i o n ,  which 
he lps  reject cloud d ischarges ,  i e  
normally enabled i n  a DF, but  it i e  
disabled i n  a TSS because t h e  induction 
hump i n  t h e  magnetic waveforms (Bee 
Fig. 1) is l a r g e r  than  t h e  r ad ia t ion  
peak for r e t u r n  s t r o k e s  c l o s e  t o  the 
sensor.  I d e a l l y ,  t h i s  c r i t e r i o n  ehould 
have been d i sab led  f o r  t h i s  test eince 
t h e  DF'e w e r e  being ueed t o  simulate 
TSS'e, b u t  t h i s  could not  be done due 
t o  o t h e r  o p e r a t i o n a l  requirement9 of 
t h e  network. The f a l l - o f f  a t  d i s t ances  
g r e a t e r  t han  20 nm is pr imar i ly  due t o  
t h e  s t r ic t  accuracy requirement and the 
short  b a s e l i n e  of  t h e  network. 
A sca t te r  p l o t  of t h e  s i g n a l  s t rength  
vs. range  for t h i s  ame eample of DF 
reporte is shown i n  Fig. 5.  The large 
e c a t t e r  is due t o  wide log-normal die- 
t r i b u t i o n  of r e t u r n  s t r o k e  c u r r e n t e .  
The s i g n a l  s t r e n g t h  is t h e  only 
c r i t e r i o n  ueed t o  c l a s s i f y  f l a s h e e  d e  
m 
Range Histogram 
2339 RmL.r 
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Figure 4 Combined range d i s t r i b u t i o n  
f o r  a l l  DF's. 
s n  I 
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Figure 5 S c a t t e r  p l o t  of e igna l  
a t r e n g t h  ve.  range f o r  all DF r e p o r t s .  
beyond 30 run or wi th in  30 run. Thie r e s u l t s  i n  a r a t h e r  elow f a l l - o f f  of t h e  
p r o b a b i l i t y  a t  30 nm f o r  t h e  10-30 and beyond 30 c l a e s i f i c a t i o n s .  
A e c a t t e r  p l o t  of t h e  REFC vs .  range 
f o r  t h e  d a t a  set is  shown i n  Fig. 6. 
The s c a t t e r  of t h e  data i n  t h i e  p l o t  is 
s i g n i f i c a n t l y  l e e s  than  i n  t h e  eignal  
s t r e n g t h  scatter p l o t  (F ig .  5 ) .  With 
t h e  except ion  of  e i g h t  or eo (< 0.5%) 
o u t l i e r s ,  t h e  data f a l l s  i n  a f a i r l y  
t i g h t  band w i t h  clear range dependence. 
This  range  dependence is  coneis ten t  
with t h e  expected r e c i p r o c a l  range 
equared dependence as diecueeed above. 
Much o f  t h e  data w i t h i n  5 run wae not 
a v a i l a b l e  due t o  t h e  uee of t h e  second 
peak waveform c r i t e r i o n .  I f  t h e  data 
wi th in  5 nm had been a v a i l a b l e ,  it is 
be l ieved  t h a t  much l a r g e r  va lues  of 
REFC would have been p l o t t e d ,  and the  
range dependence would be even m o r e  
dramatic . 
1-1- - - - I  - - 
-1 I--- a la ZI 34 I@ 50 
Figure 6 Scatter p l o t  of REFC vs. 
range for a l l  DF reportm. 
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For t h i s  a n a l y s i s ,  any f l a e h  w i t h  a 
f i r e t  etroke s i g n a l  e t r e n g t h  leee t h a n  
4 1 . 2 5  LLP s i g n a l  e t r e n g t h  u n i t e  wae 
c laeeif ied ae beyond 30 nm. The 
p r o b a b i l i t y  of a f l a e h  b e i n g  c l a e e i f  i e d  
ae beyond 30 run a s  a f u n c t i o n  of  range  
io ehown i n  Fig. 7 .  Each b i n  is t h e  
p e r c e n t a g e  of DF reporte of t h e  
cor reeponding  b i n  i n  Fig. 4 t h a t  had a 
s i g n a l  e t r e n g t h  leee t h a n  41.25 LLP 
u n i t e .  Thie  d i s t r i b u t i o n  would r iee  t o  
100% for l a r g e  r a n g e e  i f  t h e  data B e t  
i n c l u d e d  d a t a  beyond 4 0  nm. The v a l u e  
4 1 . 2 5  w a r  p i c k e d  eo t h a t  t h i e  
d i e t r i b u t i o n  would have a v a l u e  of 
approximate ly  50% a t  30 nm. Note t h a t  
t h e  d i e t r i b u t i o n  does n o t  go t o  z e r o  
u n t i l  a range of 10 nm. T h i e  is due t o  
r e t u r n  s t r o k e e  w i t h  emall  peak 
c u r r e n t e .  
.a - 
A r e t u r n  s t r o k e  w a a  c l a s s i f i e d  ae 10-30 
nm: 1) if t h e  e i g n a l  i e  between 4 1 . 2 5  
and 7 5 ,  or 2 )  t h e  s i g n a l  i e  g r e a t e r  
t h a n  4 1 . 2 5  and t h e  REFC ia lese t h a n  
0.5. The p r o b a b i l i t y  of a f l a e h  be ing  
c laee i f ied  a e  10-30 ae a f u n c t i o n  of 
r a n g e  i e  shown in Fig .  8 .  The c u t o f f  a t  
10 nm i e  f a i r l y  eharp d u e  t h e  combined 
e f f e c t  of t h e  REFC and t h e  e i g n a l  
e t r e n g t h  criteria. The c u t o f f  a t  30 nm 
ie v e r y  slow s i n c e  it Le due to t h e  
e i g n a l  s t r e n g t h  cri teria a lone .  The  
e f f e c t  o f  t h e  s i g n a l  s t r e n g t h  c r i t e r i a  
a t  10 nm i e  much s h a r p e r  t h a n  t h e  
e f f e c t  a t  30 nm becauee t h e  e l o p e  of 
t h e  i n v e r e e  r a n g e  dependence of t h e  
e i g n a l  e t r e n g t h  is 9 times g r e a t e r  a t  
10 nm t h a n  a t  3 nm. 
TSS Clurilicatioo: 
Greater Tbvl30 Nm 
The c r i t e r i a  for 10-30 were picked BO 
t h a t  t h e  d i s t r i b u t i o n  i e  j u a t  e t a r t i n g  
t o  f a l l  ae t h e  r a n g e  i e  decreaeed  from 
10 nm. T h i e t e n d e  t o  p u l l  f l a e h e s  from 
t h e  3-10 c l a e e i f i c a t i o n ,  bu t  aleo 
p r e v e n t s  r e t u r n  e t r o k e s  from o u t s i d e  10 
nm from be ing  c l a s s i f i e d  as w i t h i n  10 
nm. T h i e  i s  t o  p r e v e n t  f a l e e  a larme d u e  
t o  r e t u r n  e t r o k e e  w i t h  l a r g e  peak 
c u r r e n t e  t h a t  are o u t s i d e  10 run. 
A r e t u r n  e t r o k e  w a s  c l a e e i f i e d  ae 3-10 
nm: 1) if t h e  s i g n a l  s t r e n g t h  i e  
between 75 and 125 and t h e  REFC is 
greater than  0 . 5  , or 2 )  if t h e  e i g n a l  
i e  greater t h a n  125 and t h e  REFC i e  
between 0 . 5  and 1.5 .  The p r o b a b i l i t y  of 
a f l a e h  be ing  claeeified ae 3-10 nm ae 
a f u n c t i o n  of r a n g e  i e  ehown i n  Fig.  9. 
I I 9 13 17 21 n a )  33 31 41 45 49 
F i g u r e  7 P r o b a b i l i t y  o f  a f l a e h  b e i n g  
c l a e e i f i e d  am beyond 30 nm. 
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Pigurm 8 P r o b a b i l i t y  of a f l a e h  b e i n g  
c l a e s i f i e d  an between 10 and 30 nm. 
.. 
I Tss Clurificatioa: 3 -  10Nm 
F i g u r e  9 P r o b a b i l i t y  o f  a f l a e h  b e i n g  
c l a e e i f i e d  as between 3 and  10 nm. 
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A r e t u r n  s t r o k e  w a e  c l a e 8 i f i e d  a e  0-3 
run i f  t h e  8 i g n a l  is g r e a t e r  t h a n  125 
and t h e  REFC is g r e a t e r  t h a n  1.5. The 
p r r t a b f l i t y  of a f laeh b e i n g  c l a s e i f  ied 
a0 0-3 nm as a f u n c t i o n  of range l e  
ehown i n  F ig .  10. 
For t h i s  a n a l y e i a ,  t h e  ~ a m e  REFC 
t h r e s h o l d e  w e r e  uaed f o r  p o s i t i v e  
s i g n a l  s t r e n g t h  t h r e e h o l d s  were 
increaeed by a f a c t o r  o f  2 because 
1J 
a 
-6 
f l a s h e s  a8 for n e g a t i v e s ,  b u t  t h e  .4 
median pea; c u r r e n t  f o r  p o s i t i v e  
f laeheta  is approximate ly  t w i c e  as l a r g e  
ae t h a t  f o r  n e g a t i v e s .  However, t h e  
poeitive f l a s h e s  w e r e  n o t  analyzed 
b e c a u s e  of t h e  very  emall data aet from 
t h e  moneoon thunderetorme ueed i n  t h i s  
test. 
Tss Classification: 
0-3Nm 
I s 9 13 17 zi n n 33 37 11 4s 49 
?igure 10 P r o b a b i l i t y  o f  f l a e h  be ing  
c l a e e i f i e d  a8 between 0 and 3 run. 
CONCLUSIONS 
The LLP Thunderstorm Sensor  provides  better thundere torm warning t h a n  any 
previoum s i n g l e - e t a t i o n  d e v i c e ,  w i t h  performance comparable to ,  i f  n o t  better 
t h a n ,  t h a t  of a m u l t i - e t a t i o n  l i g h t n i n g  l o c a t i n g  eyetem. A number of t ee t e  have 
ehown good correepondence w i t h  human observere and radar, and a n  e x p l i c i t  t e a t  
of t h e  r a n g i n g  algorithm hae demonetrated e x c e l l e n t  performance w i t h i n  10 nm. 
The combina t ion  of s i g n a l  s t r e n g t h  and REFC ( re la t ive  electric f i e l d  change - 
see Eq. 1) p r o v i d e s  s u f f i c i e n t  range i n f o r m a t i o n  t o  d e t e r m i n e  etorm l o c a t i o n  
and ismuo t i m e l y  thunderetorm warnings. The i n s t r u m e n t  h a s  been ahown t o  have 
good cor reepondence  w i t h  t h e o r y  and p r e v i o u s  e x p e r i m e n t s  (eee F i g e .  5 and 6 ) .  
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